1. Introduction {#sec1}
===============

Advanced nanomaterials for gas sensing applications that have been traditionally used to detect volatile organic compound (VOC) levels, which are hazardous to human health and can cause environmental damages, are of high demand. However, a renewed and important interest in sensing nanomaterials has been driven by future applications in the identification of VOCs as biomarkers at early stage diseases. It is known that VOCs detected in exhaled breath at the ppb level can be related to several diseases.^[@ref1]^ Conventional metal oxide sensors seldom offer reliable detection at such low levels and mostly cannot distinguish one VOC within a complex sample. Thus, an alternative strategy is required to fabricate new semiconducting oxide nanomaterials that are cost-effective, highly sensitive, and selective at the same time, allowing integration into a small portable device.

Zinc oxide (ZnO) has a great potential for a wide range of applications, such as short-wavelength optoelectronics, photocatalysis, VOC and gas sensing, and UV detection among others.^[@ref2]−[@ref5]^ The main advantages of ZnO micro and nanostructures are their semiconducting and piezoelectric properties, biocompatibility (structure- and concentration-dependent), and the possibility to grow this material in a wide range of morphologies.^[@ref2]^ However, pure ZnO micro and nanostructures lack selectivity to specific gases, and the sensing properties are highly reduced by environmental humidity, which has led to a number of studies focused on overcoming these disadvantages.^[@ref6],[@ref7]^ In this context, doping and/or surface functionalization/decoration with different noble metals was found to be very efficient in improving the selectivity and sensitivity of ZnO while reducing the influence of water vapors on the sensing properties.^[@ref6],[@ref8]−[@ref10]^

According to the theory of valence control in oxide semiconductors,^[@ref11]^ the doping of ZnO with acceptor elements from the group I of the periodic table such as Li, K, Cu, and Ag decreases its Debye length (*L*~D~).^[@ref11]^ The doping of ZnO enhances the modulation of the surface electron depletion region, favoring the surface adsorption and desorption of oxygen species, which increases the response to VOCs.^[@ref11]−[@ref13]^ In particular, the Ag doping of ZnO micro and nanostructures/columns is a very attractive method to improve the sensing properties due to the excellent catalytic properties of Ag. The dopant atoms also generate additional adsorption sites for ambient oxygen, and the target gas molecules effectively promote the interaction between the substrate surface and the adsorbate.^[@ref12]^ For example, Ag nanoparticles have been successfully used alongside nanowire networks of stoichiometric^[@ref14]^ and nanoclusters of oxygen-deficient SnO~2~ for the detection of ethanol.^[@ref15]^

In this work, we show that synergistically enhancing metal oxide surfaces using doping and noble nanoparticle functionalization is a promising approach for engineering gas sensor materials. To demonstrate this new concept, the Ag-doped and Ag NP-decorated ZnO nanocolumnar films are investigated, over a wide range of operating temperatures, to determine experimentally which functionalization method is optimal for enhancing the gas sensing properties toward VOC vapors. A possible gas sensing mechanism is proposed and discussed in detail. In this study, we have also used quantum mechanical simulations to investigate the Ag doping and the decoration with Ag~8~ clusters of the ZnO(0001) surface. We have evaluated the atomic charges and the electronic structure of different configurations to define the most stable geometry. Moreover, we have examined the adsorption of propanol, acetone, methane, and hydrogen at various surface sites of the Ag-doped Ag~8~/ZnO(0001) to understand its preference for organic compounds.

2. Experimental Section {#sec2}
=======================

2.1. Synthesis of ZnO Nanocolumnar Thin Films {#sec2.1}
---------------------------------------------

Ag-doped nanocolumnar ZnO films were grown on glass substrates to reduce possible budging. The glass substrates were cleaned and then sensitized as described in refs ([@ref16]) and ([@ref17]). Ag-doped nanocolumnar ZnO films were deposited on the substrates by the synthesis from chemical solution (SCS) method, as reported previously.^[@ref16]−[@ref21]^ The thickness of the columnar films in this study was about 1.5 μm. The Ag contents used in the samples were 0.50, 0.95, and 1.3 wt %, which were achieved by adding 1.8, 5.3, and 12.3 mM silver nitrate (AgNO~3~) in complex solution, respectively. The content of Ag was measured using energy-dispersive X-ray (EDX) spectroscopy. All samples were treated by rapid thermal annealing (RTA) at 475 °C (marked as RTA475), 575 °C (RTA575), and 725 °C (RTA725) for 60 s after deposition. More details on the SCS synthesis of doped ZnO columnar films are presented in our previous works.^[@ref16]−[@ref21]^

Silver nanoparticles (Ag NPs) were deposited onto the ZnO:Ag sensor layers with different densities via the gas-phase physical vapor deposition process based on a homemade^[@ref22],[@ref23]^ Haberland-type^[@ref24]^ gas aggregation cluster source and unipolar direct current (DC) planar magnetron sputtering. The target (Ag, Kurt J. Lesker, 99.99%, 5 cm diameter) was mounted onto a DC planar magnetron source (Thin Film Consulting, ION'X-2UHV). The base pressure of the HV deposition system prior to every deposition was below 10^--4^ Pa, using a two-stage pumping system (turbo molecular pump, Pfeiffer Vacuum, TMU 262; dry scroll pump, Agilent Technologies, SH-110). For the nanoparticle deposition, a flow of Ar (48SCCM, purity of 99.999%) was supplied at the gas inlet close to the target (gas regulating valve, Pfeiffer, EVR116 with attached hot ion cathode IMR 285), resulting in a pressure of typically 136 Pa during deposition. The DC power of 40 W was supplied by Advanced Energy, MDX 500. Prior to the deposition of nanoparticles, the Ag target was cleaned, and the nanoparticle growth was achieved by sputtering with closed shutter for a sufficient time (at least 30 s) to reach stable deposition conditions. After deposition, the samples were subjected to thermal annealing in air at 350 °C for 1 h.

The methodology details for the fabrication of the sensor structures are presented in previous works,^[@ref19],[@ref25]^ and the measurement of the gas sensing properties are presented in our publications.^[@ref18],[@ref26],[@ref27]^ The electrical measurements were performed using a Keithley 2400 sourcemeter with two-wire configuration through the LabVIEW software (National Instruments).^[@ref27]^ To form contacts, a thin layer of gold (Au, ∼170 nm) was sputtered on the surface of columnar films. The gap between contacts is ∼1 mm. The final structure of the device is Au/AgNPs/ZnO:Ag/Au.

2.2. Characterization of Materials {#sec2.2}
----------------------------------

The ZnO:Ag/AgNP nanocomposite as well as its constituents, the ZnO:Ag base layer, and the deposited AgNP were investigated by X-ray photoelectron spectroscopy (XPS, Omicron NanoTechnology GmbH). The X-ray source was operated with an Al anode at a power of 240 W. All recorded spectra were charge-referenced by using aliphatic carbon C 1s at 285.0 eV using the software CasaXPS (version 2.3.16). (S)TEM analyses were performed using FEI Tecnai F30 G2 (FEG, 300 kV) equipped with a Si(Li) EDX detector (EDAX system).

2.3. Computational Details {#sec2.3}
--------------------------

We employed the Vienna ab initio simulation package (VASP),^[@ref28]^ which solves the Kohn--Sham equations of the density functional theory (DFT) in periodic conditions to simulate all geometries and energies.^[@ref29]^ All the calculations were spin-polarized, and the generalized gradient approximation (GGA) with the Perdew--Burke--Ernzerhof (PBE)^[@ref30]^ was adopted as the density functional. The semiempirical method of Grimme with the Becke--Johnson damping (DFT-D3-(BJ))^[@ref31]^ was considered to evaluate the long-range dispersion interactions. The *d* electrons of Zn and Ag were corrected using the Dudarev approach,^[@ref32]^ in the DFT + *U*([@ref33]) scheme, as implemented in the VASP software. Note that the *U* considered in this work corresponds to the effective Hubbard *U*~eff~ = *U* -- *J*, where the exchange parameter *J* is equal to zero. We chose a *U*~eff~ value of 6.0 eV for both Ag^[@ref34]^ and Zn^[@ref27]^ atoms.

The electrons in the 4d5s orbitals of Ag, 3d4s of Zn, 2s2p of O as well as C, and 1s of H were treated as valence electrons. The projected augmented wave method (PAW)^[@ref35]^ was employed to describe the interaction between the atomic frozen core states and the valence electrons. The plane-wave basis set expansion was calculated by affixing the kinetic energy cutoff at 400 eV. We used the conjugate gradient technique with an ionic convergence criterion of 0.01 eV/Å for all geometry optimizations. We sampled the reciprocal space by adopting a Γ-centered 4 × 4 × 2 and 1 × 1 × 1 mesh of *k*-points for the ZnO bulk and ZnO(0001) surface, respectively. We also adopted a 1 × 1 × 1 mesh of *k*-points for the optimization of the molecules in the gas phase where each molecule was positioned in the center of a large box (20 × 21 × 22 Å^3^) to avoid lateral interactions.

We considered the wurtzite structure of the ZnO bulk, which belongs to the space group *P*6~3~*mc* (no. 186). We optimized and described the ZnO bulk in our previous investigation.^[@ref20]^ We generated the ZnO(0001) surface from the bulk using the METADISE^[@ref36]^ code, which takes into account the periodicity of the planes parallel to the surface and the atomic charges. To quench the dipole moment of the ZnO(0001) surface, we removed Zn atoms from the upper surface layer, similarly to previous investigations.^[@ref37]^

Our ZnO(0001) surface is modeled by a 1 × 1 supercell, that is, containing two infinite surfaces at either side of the slab. A 20 Å of vacuum was added in the *z* direction to avoid interaction between neighboring cells. The ZnO(0001) slab contains four atomic layers (30 atoms) where the top two layers were allowed to relax during geometry optimization, and the bottom two layers were kept fixed at their equilibrium bulk position. The surface area is 35.49 Å^2^ for the 1 × 1 supercell. We expanded our supercell to 2 × 1 and 2 × 2 slabs for Ag doping and Ag~8~ clusters adsorption as well as the molecule adsorptions, respectively. The 2 × 1 slab has a surface area of 70.98 Å^2^ and contains 60 atoms, while the 2 × 2 slab has a surface area of 141.97 Å^2^ and contains 120 atoms.

To evaluate the interaction between the Ag~8~ cluster and the Ag-doped ZnO(0001) surface, we calculated the clustering energy per Ag atom (*E*~clus~) ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"})where *E*~Ag~8~/surf~, *E*~surf~, and *E*~Ag~ are the energies of the doped slab with the Ag~8~ cluster, the clean doped oxide surface, and the Ag metal atom in the bulk, respectively, and 8 is the number of adsorbed Ag atoms. A positive clustering energy proves that the Ag atoms prefer to aggregate rather than spread over the surface, while a negative clustering energy indicates that the Ag atoms tend to wet the surface.

To describe the interaction of the molecules with the fully modified oxide surface, that is, Ag-doped and decorated with the Ag~8~ cluster, we calculated the binding energy as ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"})where *E*~molecule--surface~ is the energy of the fully modified surface and the adsorbed molecule, while *E*~surface~ and *E*~molecule~ are the energies of the surface without the molecule and the isolated molecule, respectively. A positive binding energy is the consequence of an unfavorable endothermic adsorption, while a negative value indicates a favorable exothermic molecular adsorption.

We carried out the charge analysis of the system using the Bader atoms-in-molecules methodology as implemented in the Henkelman algorithm.^[@ref38]^

3. Results and Discussion {#sec3}
=========================

3.1. Morphological Characterization of Nanomaterials {#sec3.1}
----------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--d shows the scanning electron microscopy (SEM) images of nanocolumnar ZnO:Ag films after rapid thermal annealing (RTA) at 575 °C with different Ag nominal concentrations (in wt %). All samples of pure and Ag-doped ZnO are composed of closely packed grains/columns forming thin films (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf)). The column radius of the undoped samples lies between 100--250 nm, which decreases to 25--120 nm and 50--150 nm after doping with Ag at 0.50 and 0.95 wt %, respectively (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c). However, a further increase in the Ag content to 1.3 wt % favors larger column radius of 70--220 nm (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The column size histogram of ZnO:Ag with different Ag contents as a function of the RTA temperature is presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf), showing the changes in column diameter.^[@ref18],[@ref19]^[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e--h and [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) show the SEM images of Ag NP-functionalized ZnO:Ag samples, where the nanoscopic particles with different densities on the surface of the ZnO:Ag columns can be observed. In both cases, the NPs have a diameter of 6--12 nm and are well distributed on the surface of the ZnO:Ag columns/grains without a visible formation of percolating paths between NPs. The samples with lower density of Ag NPs (∼0.5 × 10^9^ cm^--2^; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e,f) will be designated further as Ag(1)/ZnO:Ag, while samples with higher density of Ag NPs (∼0.8 × 10^9^ cm^--2^; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}g,h) will be designated further as Ag(2)/ZnO:Ag.

![SEM images of columnar ZnO:Ag films after rapid annealing RTA at 575 °C for 60 s with: (a) 0.00, (b) 0.50, (c) 0.95, and (d) 1.30 wt % Ag content. SEM images of Ag-functionalized columnar ZnO:Ag films: (e, f) Ag(1)/ZnO:Ag and (g, h) Ag(2)/ZnO:Ag.](am9b07275_0011){#fig1}

3.2. Structural Characterization of Materials {#sec3.2}
---------------------------------------------

The crystal structure and preferential orientation of the ZnO:Ag columnar films on the glass substrates were studied by X-ray diffraction (XRD). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a displays the XRD patterns for the pure and Ag-doped samples deposited using the synthesis from chemical solution (SCS) method and subjected to the RTA at 575 °C for 60 s. The relatively low background intensity demonstrates good crystallinity of the ZnO samples, which can be assigned to the hexagonal wurtzite structure with space group *P*6~3~*mc* (no. 186). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a illustrates that the strongest detected (*hkl*) reflections are at expected 2θ values and correspond to the (100), (002), (101), (102), (110), (103), (112), and (004) Miller planes. We found an increase in the crystallinity by adding silver nitrate to the zinc complex solution during preparation of the ZnO:Ag film. A sharp (002) reflection at 2θ ≈ 34.6° with the highest observed intensity for the undoped ZnO shows a preferential growth along the *c* axis normal to the glass substrate.^[@ref18]^

![(a) XRD patterns of the columnar ZnO and ZnO:Ag films subjected to RTA at 575 °C for 60 s with different Ag contents. (b) Enlargement of the XRD pattern in the region between 2θ = 33 and 37.5° exhibit reflections corresponding to the (002) and (101) planes for the samples with different Ag concentrations.](am9b07275_0010){#fig2}

To gain insight into the effect of the various Ag concentrations on the crystallinity of the ZnO:Ag columnar films, we monitored the intensity of the (002) and (101) reflections (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The XRD patterns indicate a shift to lower scattering angles (2θ, ∼0.1°) for the samples with ∼0.50 wt % Ag (curve 2) and ∼0.95 wt % Ag (curve 3), while the highest Ag content of ∼1.3 wt % (curve 4) induces a larger 2θ shift (∼0.2°). It is the result of either the Ag ion interstitial incorporation into or Zn^2+^ substitution within the ZnO lattice^[@ref39]^ due to the 1.7 times larger ionic radii of Ag^+^ with respect to Zn^2+^.^[@ref40]^ A similar lattice deformation was also observed for the Ag-doped ZnO thin films,^[@ref40]^ where the value of the 2θ angle shift increases with the Ag concentration.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a depicts the high-resolution transmission electron microscopy (HRTEM) micrographs and fast Fourier transform (FFT) of nanoparticles attached to the surface of the single crystalline ZnO columnar matrix. The nanoparticle exhibited *d* spacing values of 2.30 and 2.04 Å corresponding to the crystal structure of cubic Ag. A clear epitaxial relation between the Ag nanoparticles and the ZnO matrix could not be observed. Bright atomic number-dependent contrast via high-angle annular dark-field scanning TEM (HAADF-STEM) exhibits Ag particles of 5−10 nm. The energy-dispersive X-ray (EDX) elemental maps verify the presence of nonoxidized Ag NPs attached to the ZnO columnar matrix surface.

![(a) HRTEM and FFT of one Ag nanoparticle attached to the ZnO surface. (b) High-angle annular dark-field (HAADF)-STEM and EDX elemental maps of the marked region.](am9b07275_0009){#fig3}

3.3. Micro-Raman Characterization {#sec3.3}
---------------------------------

The Raman spectra were measured at room temperature in the range between 60 and 1200 cm^--1^ to identify the influence of the Ag dopant on the columnar ZnO:Ag films (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Group theory predicts the optical phonons at the Γ point of the Brillouin zone and has the following representation^[@ref41]^where *A*~1~, *E*~1~, and *E*~2~ modes are Raman active phonons while *A*~1~ and *E*~1~ are also infrared-active.^[@ref41]^ The *A*~1~ phonon vibrations are polarized parallel to the *c* axis while the *E*~1~ phonon vibrations are perpendicularly polarized to the *c* axis.^[@ref41]^

![Raman spectra of columnar ZnO:Ag films with different Ag nominal contents.](am9b07275_0008){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the room temperature Raman spectra of the columnar ZnO:Ag films with Ag nominal content in the spectral range between 60 and 1200 cm^--1^. For all samples, we observed peaks at around: (i) 99 cm^--1^, which corresponds to the *E*~2~(low) fundamental phonon mode of ZnO with wurtzite structure and is associated with the heavy Zn sublattice;^[@ref42]^ (ii) 204 cm^--1^~,~ which corresponds to the 2*E*~2~(low) second-order phonon mode; (iii) 330 cm^--1^, which is assigned to the *E*~2~(high)--*E*~2~(low) multiphonon scattering; (iv) 383 cm^--1^, which corresponds to the *A*~1~(TO) phonon mode; (v) 418 cm^--1^, which corresponds to the *E*~1~(TO) phonon mode; (vi) 436 cm^--1^, which corresponds to the *E*~2~(high) phonon mode and involves only the oxygen atoms;^[@ref42]^ (vii) 480 cm^--1^, which corresponds to the interfacial surface phonon mode; (viii) 567 cm^--1^, which is assigned to the *A*~1~(LO); (ix) 581 cm^--1^, which correspond to the *E*~1~(LO) phonon mode that is commonly assigned to the zinc interstitials and oxygen vacancies in ZnO;^[@ref42]^ and (x) 1104 cm^--1^ as well as 1149 cm^--1^, which correspond to the multiple phonon process of the *A*~1~(LO) and *E*~1~(LO), respectively.^[@ref42]^

The *E*~2~(low) and *E*~2~(high) phonon modes of the Raman spectra are characteristics of a perfect ZnO crystal, which becomes broader by the addition of Ag.^[@ref18]^ The presence of a Ag dopant also induces an intensity change of *A*~1~(TO) and *A*~1~(LO) polar branches, the *E*~1~(LO) phonon mode, and the broad peak at 144 cm^--1^, which appears due to lattice vibration.^[@ref42]^ Thus, the Ag incorporation into the columnar ZnO films as well as the TA or RTA treatment at relatively higher temperatures decrease the crystallinity and increase the concentration of the zinc interstitials and oxygen vacancies.^[@ref42]^

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} also shows the broadening and intensity changes of the peaks within the range between 500 and 560 cm^--1^ and the *A*~1~(LO) phonon mode for the highly doped sample with 1.30 wt % Ag (curve (3)). This is the consequence of the defects based on silver incorporation as well as Ag segregation at the crystallite interface. The same peaks have been observed previously for Ag-doped ZnO microspheres because of the silver segregation around the grain boundaries and other localized disordered domains^[@ref43]^ and for Mn-doped ZnO nanorods due to the defect-activated mode (*M*~D~) that represent intrinsic host lattice defects.^[@ref44]^ For both the undoped and Ag-doped columnar ZnO films, we observed an additional mode at 480 cm^--1^ due to an interfacial surface phonon mode.^[@ref45]^ This phonon mode does not depend on the presence or nature of the dopant atom and has also been reported for the Ag-doped ZnO microspheres.^[@ref45]^

The Raman mapping technique was applied to investigate the spatial distribution of crystallinity and defects in the wurtzite-based ZnO:Ag columnar films containing different Ag concentrations. [Figure S4a--d](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) shows the Raman mapping for the *E*~2~ high band integrated between 420 and 450 cm^--1^ for the ZnO:Ag samples and produced using RTA at 575 °C for 60 s. The Raman scattering experiments for both the undoped and doped columnar films show that their crystallinity is relatively uniform, indicating that the doping with Ag atoms does not affect the structural stability of the matrix support. [Figure S4e](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) shows the deconvolution using a Gaussian fitting of the 300--460 cm^--1^ Raman spectroscopy range for the sample with 1.3 wt % Ag showing the additional local vibrational modes.

3.4. X-ray Photoemission Spectroscopy (XPS) {#sec3.4}
-------------------------------------------

The X-ray photoemission spectra (XPS) of the Ag/ZnO:Ag nanocomposite (blue line) and the undecorated ZnO:Ag reference thin film (red line) are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The spectra were charge-referenced using the C 1s line of aliphatic carbon, as depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. In both the Ag/ZnO:Ag nanocomposite and undecorated ZnO:Ag thin films, we found evidence of C, O, and Zn. The occurrence of C is attributed to atmospheric contamination of the thin film surface, originating from contact with ambient air during handling and transportation of the samples. As expected, no Ag was detected in the undecorated thin film since the dopant concentration is below the detection limit of the XPS instrument. For the Ag NP decorated ZnO:Ag thin film, we observed a well-resolved peak doublet at 368.0 and 374.0 eV, which agrees with the position of the Ag 3d~5/2~ and Ag 3d~3/2~ lines, respectively (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c).^[@ref46]^ Typically, the binding energy of ∼368.2 eV is attributed to metallic Ag, whereas the silver oxides are slightly shifted to lower binding energies of ∼367.9 eV for Ag~2~O and 367.6 eV for AgO.^[@ref46]^ Given the small chemical shifts for Ag^+^ and Ag^2+^ with regard to metallic Ag, we confirmed the presence of elemental Ag forming the Ag NPs using transmission electron microscopy (TEM).

![XPS spectra of the ZnO:Ag reference layer (red, bottom line) and the ZnO:Ag nanocomposite decorated with Ag NPs (blue, top line): (a) spectra in the 0--1100 eV region, (b) high-resolution spectra of the C 1s line, and (c) high-resolution spectra of the Ag 3d lines.](am9b07275_0007){#fig5}

To investigate the introduction of the Ag dopant, we produced an undecorated ZnO:Ag film with a silver concentration approximately 10-fold the typical value used within this work. For the Ag 3d lines of this thin film, the XPS high-resolution spectrum depicted in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) was recorded with high pass energy to maximize the signal strength. The observed Ag 3d~3/2~ and Ag 3d~1/2~ peaks prove the successful incorporation of Ag dopant into the columnar film.^[@ref46]^ We also performed XPS measurements for the Ag/ZnO:Ag sample before and after heat treatment at 350 °C for 1 h (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf)). For the annealed sample, the Ag 3d lines match perfectly the electron binding energy of the same samples, which suggests that the thermal treatment at this temperature and duration has a negligible effect on the oxidation state of the Ag NPs.

3.5. Electrical Properties Characterization {#sec3.5}
-------------------------------------------

The electrical properties of the ZnO:Ag nanocolumnar films strongly influence the gas sensing behavior toward VOCs.^[@ref25]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the resistivity at 300 K of the columnar Ag-doped ZnO films as a function of the Ag concentration. Note that we treated the samples using different RTA temperatures for 60 s. The electrical resistivity was calculated from the linear current--voltage characteristics (meaning ohmic behavior, not shown) of the ZnO:Ag structures enclosed by sputtered Au contact pads using two-wire configuration (see [Experimental Section](#sec2){ref-type="other"} or previous publications).^[@ref16]−[@ref18]^

![(a) Electrical resistivity of the ZnO:Ag columnar films at 300 K as a function of the Ag nominal content. RTA temperature is indicated. (b) Arrhenius plot for the columnar ZnO:Ag and Ag-functionalized ZnO:Ag (Ag/ZnO:Ag) films with 0.50 wt % Ag and treated using RTA at 725 °C during 60 s.](am9b07275_0006){#fig6}

We observed that the electrical resistivities of both ZnO and ZnO:Ag nanocolumnar films increased with the RTA temperature. The elevated RTA temperatures lower the carrier concentration of Zn interstitials, which are lost by evaporation. This finding is supported by previous evidence where postannealing treatments were used to tune the structural, electrical, and optical properties of materials.^[@ref46]^

The electrical resistivity is also significantly modified by the Ag content in the ZnO:Ag columnar films (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Silver is an amphoteric dopant of ZnO where it acts as an acceptor on substitutional Zn^2+^ sites (Ag~Zn~^′^) or as a donor on the interstitial sites (Ag~*i*~^\*^).^[@ref47]^ By increasing the silver concentration up to 0.95 wt %, the electrical resistivity of the films sharply increased. At this relatively high concentration, Ag^+^ behaves as an acceptor as it prefers to occupy substitutionally the Zn^2+^ sites, as deduced from Raman analyses and supported by XRD (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [4](#fig4){ref-type="fig"}b). Moreover, positively charged oxygen vacancies (*V*~O~^••^) that act as acceptors are formed to maintain charge neutrality.^[@ref47]^ By increasing the Ag content further, no reliable p-type behavior was observed in our case. We found that the Ag atoms prefer to occupy the interstitial sites (Ag~*i*~^\*^) at high concentration of the dopant where they form neutral defects or segregate at the grain boundaries.^[@ref47]^ The large content of electron-rich dopant atoms leads to the reduction in the electrical resistivity of the columnar Ag-doped ZnO films (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).^[@ref47]^ The competition of the Ag^+^ ions for the Zn^2+^ or interstitial sites can be rationalized in terms of the relative ionic radii of these ions.^[@ref40]^ It has been suggested that the interstitial holes become the most favorable for the dopant atoms once the substitutional positions are saturated.^[@ref47]^ On the other hand, the reduction in resistivity at Ag contents \>0.95 wt % can also be the consequence of the larger grain size detected through the SEM and XRD experiments. The reduced grain boundary density of larger particles results in the weakening of the intergrain boundary scattering and the increase in the carrier lifetime and mobility.^[@ref47]^

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the Arrhenius plot of conductance as a function of 1/kT for both the ZnO:Ag and Ag-functionalized ZnO:Ag columnar films with 0.50 wt % Ag obtained using RTA at 725 °C during 60 s. For both samples, we observed a double-valued activation energy in which associated conductivity can be expressed as^[@ref48]^where *E*~a1~ is the activation energy for the band conduction, *E*~a2~ is the activation energy for the nearest neighbor hopping conduction, *k* is the Boltzmann constant, σ~1~ and σ~2~ are the preexponential factors, and *T* is the absolute temperature.^[@ref48]^ The *E*~a1~ values of 52.9 and 78.6 meV were obtained for ZnO:Ag and Ag/ZnO:Ag, respectively, which are consistent with other results on ZnO films.^[@ref48],[@ref49]^ The *E*~a2~ values of 24.4 and 44.8 meV were obtained for ZnO:Ag and Ag/ZnO:Ag thin films, respectively, which are widely assigned to the thermionic emission over grain boundaries.^[@ref48],[@ref49]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b also depicts the reduction in the conductance of ZnO:Ag films after functionalization with Ag nanoparticles due to enhanced oxygen adsorption, which traps conduction electrons.^[@ref48],[@ref49]^

3.6. Gas Sensing Properties of Ag(1)/ZnO:Ag and Ag(2)/ZnO:Ag Columnar Films {#sec3.6}
---------------------------------------------------------------------------

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--c shows the gas response of the ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag columnar films to 1000 ppm of H~2~ gas and 100 ppm of VOC vapors (ethanol, acetone, *n*-butanol, 2-propanol, and methanol), respectively. As the carrier gas, the ambient air with ∼30% relative humidity (RH) was used. Measurements in the temperature range between 200 and 350 °C were performed. For all samples, no considerable H~2~ response, even with using the highest concentration of 1000 ppm, was observed. The optimal operating temperature for the columnar ZnO:Ag films is 250 °C (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), where the gas responses to 100 ppm of ethanol, acetone, *n*-butanol, 2-propanol, and methanol are ∼31, ∼16.5, ∼41, ∼52.5, and ∼31, respectively. After functionalization with Ag NPs, the optimal operating temperature remained at 250 °C (see [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b,c), and the gas responses to 100 ppm of ethanol, acetone, *n*-butanol, 2-propanol, and methanol are ∼74, ∼48.5, ∼67, ∼82, and ∼32 for Ag(1)/ZnO:Ag and ∼145, ∼100, ∼156, ∼175, and ∼54 for Ag(2)/ZnO:Ag, respectively. The gas response increased by adding Ag NPs, which are known to weaken the adsorption and desorption of adsorbates on metal oxides and accelerate their reaction with oxygen.^[@ref50]^ Our results for the columnar ZnO:Ag and Ag-functionalized ZnO:Ag films are highly improved compared to reports for the undoped and Ag-modified ZnO micro and columnar films^[@ref18]^ (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The possible mechanism for such improved performances is discussed in [Section [3.7](#sec3.7){ref-type="other"}](#sec3.7){ref-type="other"}.

![Gas response to 1000 ppm of H~2~ gas and 100 ppm of different vapors of volatile organic compounds as a function of the operating temperature for: (a) ZnO:Ag, (b) Ag(1)/ZnO:Ag, and (c) Ag(2)/ZnO:Ag columnar films. Dynamic response to 100 ppm of VOC vapors (at OPT of 250 °C) for: (d) ZnO:Ag, (e) Ag(1)/ZnO:Ag, and (f) Ag(2)/ZnO:Ag columnar film-based sensor structures. The gas response versus concentration of VOC vapors for: (g) ZnO:Ag, (h) Ag(1)/ZnO:Ag, and (i) Ag(2)/ZnO:Ag columnar films.](am9b07275_0005){#fig7}

###### VOC Sensors Based on Metal Oxides Modified/Decorated with Different Noble Metals

  sensing material                                  VOC conc. (ppm)      gas response (*I*~gas~/*I*~air~) or (*R*~air~/*R*~gas~)   operating temperature (°C)   response time (s)   recovery time (s)
  ------------------------------------------------- -------------------- --------------------------------------------------------- ---------------------------- ------------------- -------------------
  Ag-ZnO films^[@ref64]^                            ethanol EtOH, 2000   ∼2                                                        225                          5                    
  Ag-doped ZnO films^[@ref39]^                      ethanol EtOH, 100    ∼15                                                       260                                               
  Ag-doped ZnO nanorods^[@ref65]^                   ethanol EtOH, 100    19.4                                                      332                                               
  Ag/ZnO nanorods^[@ref66]^                         ethanol EtOH, 100    36.52                                                     360                          50                  28
  ZnO-Ag hybrids^[@ref67]^                          ethanol EtOH, 100    101.8                                                     370                          ∼15                 ∼20
  Ag-ZnO nanorods^[@ref68]^                         ethanol EtOH, 50     34.8                                                                                                        
  acetone, 50                                       25                   280                                                                                                        
  methanol, 50                                      14.5                                                                                                                            
  Ag-loaded ZnO^[@ref69]^                           ethanol EtOH, 100    ∼75                                                                                                         
  acetone, 100                                      ∼30                  240                                                                                                        
  isopropanol, 100                                  ∼68                                                                                                                             
  methanol, 100                                     ∼55                                                                                                                             
  Ag-doped ZnO-SnO~2~ hollow nanofibers^[@ref71]^   ethanol EtOH, 1      7.6                                                       200                          5                   5
  Ag-(TiO~2~/SnO~2~)^[@ref56]^                      ethanol EtOH, 50     53                                                        275                          3.5                 7
  ZnO:Ag columnar films (this work)                 ethanol EtOH, 100    31                                                                                                          
  acetone, 100                                      16.5                                                                                                                            
  2-propanol, 100                                   52.5                 250                                                                                                        
  *n*-butanol, 100                                  41                                                                                                                              
  methanol, 100                                     31                                                                                                                              
  Ag(2)/ZnO:Ag columnar films(this work)            ethanol EtOH, 100    145 ± 6.2                                                                                                   
  acetone, 100                                      156 ± 5.8                                                                                                                       
  2-propanol, 100                                                        250                                                                                                        
  *n*-butanol, 100                                  155 ± 6.5                                                                                                                       
  methanol, 100                                     54 ± 2.1                                                                                                                        

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d--f and [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) show the dynamic response of pristine and Ag-functionalized ZnO:Ag columnar films, respectively, to 100 ppm of VOC vapors at different operating temperatures. We observed that all samples show fast response recoveries after evacuation of the VOC vapor from the test chamber. The calculated response and recovery times decrease with the operating temperatures are presented in [Figure S8a](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) for ZnO:Ag, [Figure S8b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) for Ag(1)/ZnO:Ag, and [Figure S8c](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) for Ag(2)/ZnO:A. The calculated gas sensing parameters including the response value as well as the response and recovery times are summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) for ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag columnar films.

The dependence of gas response (*S*) versus concentration of VOC vapors (*p*~VOC~) for ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag columnar films is presented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}g--i, respectively. All samples showed a power law relationship to the varied VOC concentrations (from 10 to 500 ppm), *S* ∝ *p*~VOC~^β^, where β is the slope of log *S* versus log *p*~VOC~.^[@ref27]^ For all samples, β varies from 0.5 to 0.67. The theoretical detection limits (DL) were estimated from [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}g--i, as was reported by Dua et al.^[@ref51]^ The estimated values of DL for ethanol, acetone, *n*-butanol, 2-propanol, and methanol are 0.48, 0.66, 0.22, 0.13, and 0.06 ppm for ZnO:Ag, 0.1, 0.17, 0.21, 0.05, and 0.37 ppm for Ag(1)/ZnO:Ag, and 0.02, 0.07, 0.04, 0.01, and 0.24 ppm for Ag(2)/ZnO:Ag columnar films, respectively. Therefore, by functionalization with higher density of Ag NPs, we can effectively decrease the detection limit of our columnar films, which for ethanol is in excellent agreement with the value of 10 ppb found for NiO--ZnO p--n nanoheterojunction networks.^[@ref52]^ The gas response and DL of samples are summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf).

Variation in the atmospheric humidity levels is an important factor that determines the sensing properties of gas sensors based on the metal oxide micro and nanostructures due to the hydroxyl poisoning.^[@ref6],[@ref7]^ Therefore, we performed the gas sensing measurements at a low RH value of ∼30% and high RH value of ∼85%, respectively. The higher value of RH was generated using a bubbling system.^[@ref27]^

[Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a shows the gas response to 100 ppm of VOC vapors and 1000 ppm of H~2~ gas for ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag samples at an optimal operating temperature of 250 °C under different conditions of relative humidity (RH), that is, at a lower value of 30% and a higher value of 85%. The decrease in response for all samples by the increase in RH was observed (see Table S3). In the case of the ZnO:Ag columnar film, by increasing RH from 30 to 85%, the decreases in response for 100 ppm of ethanol, acetone, *n*-butanol, 2-propanol, and methanol are ∼48, ∼50, ∼46, ∼45, and ∼52%, respectively. After functionalization with Ag NPs, the lower decrease in response by increasing RH was observed. The decreases in response for 100 ppm of ethanol, acetone, *n*-butanol, 2-propanol, and methanol is ∼29, ∼21, ∼23, ∼22, and ∼19%, respectively, for Ag(1)/ZnO:Ag and ∼9, ∼11, ∼8.5, ∼10, and ∼7.5%, respectively, for Ag(2)/ZnO:Ag. Therefore, it is demonstrated that by surface functionalization of ZnO:Ag columnar films with Ag NPs, an improvement in stability under humidity changes can be achieved (see [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). These results may indicate that Ag NPs act as hydroxyl absorbers, which was also observed, for example, for Sb atoms^[@ref6]^ and CuO.^[@ref53]^ Ag NPs were found to be excellent humidity sensors with excellent stability.^[@ref54],[@ref55]^ This can also explain the lower decrease in response by higher density of Ag NPs.

![(a) Calculated gas response at 250 °C operating temperature for ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag columnar films to 100 ppm of VOC vapors and 1000 ppm of H~2~ gas under different relative humidity conditions (30 and 85%). (b) Calculated decrease in response at 250 °C operating temperature to 100 ppm of VOC vapors by increasing the RH from 30 to 85%. (c) Room temperature response of ZnO:Ag, Ag(1)/ZnO:Ag, and Ag(2)/ZnO:Ag versus relative humidity.](am9b07275_0004){#fig8}

To experimentally demonstrate the lower dependence of resistance for Ag NP-functionalized ZnO:Ag columnar films on RH, the room temperature measurements of resistance versus RH were performed, and the results are presented in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}c. The RH response (*S*~RH~) was defined as the ratio of the resistance under 30% RH (*R*~30%~) and under the measured RH value (*R*~RH~). The larger change in resistance by increasing RH for samples without Ag NPs was observed, while by increasing the density of Ag NPs, the dependence of resistance on RH is lowered. These results reveal the excellent potential of Ag NP-functionalized ZnO:Ag columnar films for real-time environmental monitoring.

3.7. Proposed Gas Sensing Mechanism for Columnar Films {#sec3.7}
------------------------------------------------------

The gas sensing mechanism of the undoped ZnO columnar films was already discussed in our previous work.^[@ref18]^ We explained the gas sensing mechanism based on the modulation of potential barriers (*q*Δ*V*~S~) between the ZnO grains due to adsorption/desorption of oxygen species, which modulates the surface electron depletion region.^[@ref18]^ We also discussed the role of the interconnection--interpenetration of the ZnO grains, enhancing the modulation of *q*Δ*V*~S~, which governs the gas response (*S*)^[@ref18]^where *R*~air~ and *R*~gas~ are the resistance in air and under gas exposure, respectively, and *q* is the electrical charge of the carrier.

As we have already discussed in this work, doping with Ag generates more acceptors in ZnO, which decrease the charge-carrier concentration (*n*) and enlarge the electron depletion region (*L*)^[@ref12],[@ref18]^where ε~ZnO~ is the dielectric constant of ZnO and *V*~S~ is the interfacial potential.^[@ref12],[@ref18]^ Under air exposure, oxygen adsorb onto the surface of grains, which increases the length of *L*~air~ for the Ag-doped samples, compared to the undoped ZnO (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a)^[@ref12],[@ref18]^

![Proposed gas sensing mechanism for ZnO, ZnO:Ag, and Ag/ZnO:Ag columnar films integrated in sensor structures during exposure to: (a) ambient air and (b) 2-propanol vapors.](am9b07275_0003){#fig9}

For the Ag-functionalized samples, the *L*~air~ value due to enhanced adsorption of oxygen species further increased. The excellent catalytic properties of Ag as dopant and NPs lead to increasing the length of the electron depletion region, *L*~air~ (ZnO) \< *L*~air~ (ZnO:Ag) \< *L~air~* (Ag/ZnO:Ag) (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a). Our results clearly show that Ag NP functionalization of the ZnO:Ag grains facilitates faster adsorption and desorption of the oxygen species as well as quicker capture of free electrons.^[@ref56]^ We also found evidence that the surfaces of the Ag NPs are easily oxidized to Ag~2~O in air at the relatively low operating temperature of 250 °C.^[@ref14],[@ref56]^ We can justify the reactivity of the Ag NPs toward oxygen due to their large Helmholtz double layer,^[@ref56]^ which allow them to act as efficient electron sinks. The oxygen adsorption on the surfaces of Ag~2~O leads to the electron extraction from ZnO:Ag effectively extending the width of electron depletion region to the supporting grain (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a).^[@ref14],[@ref56]^ Given the direct relationship between *L* and *V*~S~, we found the same increasing order for the potential barrier height (*qV*~S~), that is, *qV*~S~ (ZnO) \< *qV*~S~ (ZnO:Ag) \< *qV*~S~ (Ag/ZnO:Ag) (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a).

We now focus on the detection of 2-propanol vapors ((CH~3~)~2~CHOH) due to the slightly higher response compared to the other VOC gases. The gas sensing mechanism is similar for all VOC vapors, apart from the different reactions with oxygen species coadsorbed on the grain surfaces.^[@ref57]^ The higher response to 2-propanol vapors compared to other VOC gases (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b) can be explained based on the quantity of electrons released during the decomposition and oxidation, according to the reaction.^[@ref57]^

Our results show that for the most effective Ag/ZnO:Ag sensor, the narrow electron depletion region (*L*~gas~) leads to the reduction of the potential barriers height (*qV*~S~) (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). According to [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}, the highest modulation and gas response are reached using the Ag/ZnO:Ag samples, followed by ZnO:Ag and then by ZnO. For the Ag/ZnO:Ag samples, the Ag~2~O formed spontaneously on the surface of the NPs is reduced back to Ag under exposure to VOC vapors, providing electrons to ZnO^[@ref14]^ and leading to an enhanced gas response. Thus, reported results support claims that hybrid Me~*x*~O~*y*~ and Zn~*x*~Me~1−*x*~O~*y*~ alloyed ZnO networks are very important for sensing applications.^[@ref37],[@ref67],[@ref70]^

3.8. Density Functional Theory Simulations {#sec3.8}
------------------------------------------

### 3.8.1. Pristine ZnO(0001) Surface {#sec3.8.1}

Computational details on DFT simulations are presented in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf). [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a shows the relaxed, clean ZnO(0001) surface where we observed an inward displacement of the Zn atoms belonging to the topmost layer during relaxation. The consequence of the displacements is the contraction of the Zn--O bonds in the top two atomic layers. Before relaxation, the average Zn--O distance is 1.947 Å, while after relaxation, this value drops to 1.860 Å. For the rest of the atoms in the surface slabs that were allowed to relax, we observed a negligible displacement.

![(Top panel) side and (bottom panel) top views of the (a) relaxed ZnO(0001) pristine surface and (b) Ag-doped ZnO(0001) surface. Color key: red, green, and blue represent O, Zn, and Ag atoms, respectively.](am9b07275_0002){#fig10}

### 3.8.2. Doped ZnO(0001) Surface {#sec3.8.2}

We next doped the ZnO(0001) surface with Ag. In the [Experimental Section](#sec2){ref-type="other"}, the maximum Ag content considered is 1.3 wt %. As our oxide surface cell contains 60 atoms, we replaced one Zn to obtain 1.7 wt % of Ag, which is close to the experimental doping concentration. Following our previous investigation^[@ref20]^ where we showed that a metallic dopant prefers to occupy the most exposed surface site, we positioned the silver atom at the top layer (see [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b). We found that the Ag atom moves away from its neighboring O atoms (O^1^, O^2^, and O^3^ in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b) during optimization due to the larger ionic radii of Ag compared to Zn (see [Experimental Section](#sec2){ref-type="other"}). This movement is observed mainly in the surface layer, as the average in-plane displacement of the silver atom is 0.220 Å while the outward shift is 0.099 Å. Our simulations suggest that the Zn--O bond distance around the Ag dopant undergoes an average decrease of 0.016 Å following the creation of the defect. We note that similarly to Ag, both O and Zn atoms move mainly in the direction of the surface plane.

The Bader charge analysis of O^1^ and O^2^ reveals that these atoms, which are equally charged, are oxidized by 0.1 e^--^ after doping. Thus, the charge transfer from Ag to the neighboring O is less important than the one from Zn to O.

We next describe the Zn--O and Ag--O interaction by plotting the electronic density of states (DOS) of both the pristine and Ag-doped Zn(0001) surfaces (see [Figure S9a,b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf)). The calculated band gap of the pristine surface is 0.74 eV, which is in excellent agreement with the theoretical value of 0.75 eV reported by Mohamad et al.^[@ref58]^ We also note from [Figure S9a,b](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf) that for both surfaces, the contribution to the valence band comes mainly from the O 2p orbitals. The Zn 3d orbitals are dominant at lower energies, approximately between −8.00 and −6.00 eV and are thus expected to have less influence in the surface properties of the material than the O atoms.

We plotted the projected DOS of the O^1^ and O^2^ p orbitals and the *d* states of the metal atom bonded to them for both the pristine and Ag-doped Zn(0001) surfaces (see [Figure S9c,d](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf)). In the pristine surface, as shown in [Figure S9c](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf), we note that just below the Fermi level, the Zn 3d and O^1^ and O^2^ 2p orbitals are located at the same energy, at −0.19 and −0.61 eV. The hybridization between those electronic states suggests a significant interaction between the atoms. From the DOS of the doped surface shown in [Figure S9d](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf), we note that just below the Fermi level, the intensities of the Ag 4d orbitals and the neighboring oxygen 2p orbitals are higher than the one found in the pristine surface. This suggests that in the doped surface, the Ag--O interaction is stronger than Zn--O in the clean surface. Thus, the Ag--O interaction is less ionic, that is, more covalent, than the Zn--O interaction, which is further supported by the smaller charge transfer from Ag to O than from Zn to O.

### 3.8.3. Cluster Adsorption {#sec3.8.3}

We next evaluated the adsorption of the Ag~8~ cluster onto the Ag-doped ZnO(0001) surface (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). We tried four adsorption sites: between, close, on top, and away from the Ag dopant atoms (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b). The initial Ag~8~ structure, prior to geometry optimization, was similar to the one employed by Idrobo et al.^[@ref59]^ where they determined the ground state of \[isolated\] Ag*~n~* (*n* = 2--8) clusters. Thus, as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, we adopted a 3D shape where the average distance between the silver atoms is 2.72 Å. For all the configurations, we positioned the Ag~8~ cluster approximately 2 Å above the oxide surface.

![(a) Initial Ag~8~ cluster geometry. (b) Initial adsorption sites for the Ag~8~ center of mass: (1) between two dopant atoms, (2) near the dopant, (3) above the dopant, (4) and far away from the dopant. (c) Final adsorption geometries. (d) Most stable geometries and (e) electron density difference of propanol, methane, hydrogen, and acetone adsorbed on the Ag~8~/ZnO(0001) surface doped with Ag. Color key: red, green, blue, black, and white represent O, Zn, Ag, C, and H atoms, respectively.](am9b07275_0001){#fig11}

The optimized geometry of the initial adsorption site 1 shows that Ag~8~ tends to disaggregate as some of the Ag atoms leave the cluster to adsorb on the surface (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c). Interestingly, we found that the cluster atoms filled the Zn vacancies that were created to quench the dipole moment (see the [Computational Details](#sec2.3){ref-type="other"} Section). [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c shows that Ag^4^, similarly to the Ag dopant, sits in the center of mass of the triangle formed by three oxygens. The adsorption site of Ag^4^ is similar to the highly symmetric site described by Lloyd et al.^[@ref60]^ where they used lattice-based adaptive kinetic Monte Carlo (LatAKMC) to describe Ag adsorption on top of the polar ZnO(0001) surface. The average distance between Ag^4^ and its neighboring oxygens is 2.442 Å, which is close to the average dopant--surface oxygen distance of 2.208 Å. The same observation can be made for Ag^5^ and Ag^7^, which are located in the center of masses of the neighboring oxygen atoms at average distances of 2.303 and 2.263 Å, respectively.

Similarly, for the adsorption site number 3, three Ag atoms leave the cluster to adsorb on the surface. The average distance between the detached Ag^4^, Ag^5^, and Ag^8^ and their neighboring oxygen atoms is 2.302, 2.259, and 2.279 Å, respectively.

In both adsorption sites 2 and 4, four Ag atoms leave the cluster to adsorb on the surface. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c shows that for both configurations, the leaving atoms (Ag^3^, Ag^4^, Ag^7^, and Ag^10^ for configuration 2 and Ag^3^, Ag^4^, Ag^5^, and Ag^7^ for configuration 4) adsorb on the surface at average distances from their neighboring oxygen atoms between 2.244 and 2.304 Å, respectively. For the four adsorption configurations, the average distance between the remaining aggregated Ag atoms is ∼2.8 Å, with geometries similar to the clusters described by Idrobo et al.^[@ref59]^ From the geometry analysis, we note that surrounding an adsorbed Ag~8~ cluster with Ag dopants would maintain the aggregated geometry of the cluster, favoring the Stranski--Krastanov growth that has been observed experimentally^[@ref61]^ and theoretically.^[@ref60],[@ref62]^

We next calculated the clustering energy and found that the most stable structures are for configurations 2 and 4 (0.31 and 0.32 eV, respectively), while configurations 1 and 3 are slightly less stable (0.36 and 0.38 eV, respectively). These energy values suggest that the adsorption is stronger for the clusters placed away from the dopant. The positive clustering energies show that the clusters tend to aggregate rather than completely wet the surface, although their small values indicate a competition between these two processes.

We also calculated the average Bader charge of the cluster and found average charges of +0.2, +0.3, +0.2, and + 0.3 e^--^ for configurations 1, 2, 3, and 4, respectively. The charges are in line with the clustering energies as most positive clusters, that is, where we observe the strongest charge transfer to the surface, are found for the most stable configurations 2 and 4. From the Bader analysis, we also observed a charge reorganization for all the configurations where some Ag atoms that are not directly bonded to the surface have a negative charge. This charge segregation within the Ag cluster has been observed previously by Hirunsit et al.^[@ref63]^ in Ag~13~ clusters adsorbed on Al~2~O~3~.

### 3.8.4. Molecules Adsorption {#sec3.8.4}

We chose the most stable configuration, that is, configuration 2 (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}c), to study the interaction between Ag~8~/ZnO(0001) doped with Ag and propanol (C~3~H~8~O), methane (CH~4~), hydrogen (H~2~), and acetone ((CH~3~)~2~CO). For each molecule, we considered several orientations and adsorption sites: at the interface between the Ag~8~ cluster and the ZnO surface, above the cluster, and far away from the cluster. However, we describe here only the most stable geometry.

Propanol adsorbs molecularly on the surface, and the most favorable adsorption site is far away from the cluster (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}d). The calculated binding energy is −1.00 eV, and the molecule surface distance is 2.214 Å.

Propanol interacts with the surface through its hydroxyl termination, which becomes slightly weaker after adsorption as the O--H distance increases by 0.020 Å. We also note a slight increase by 0.01 Å of the C--H bond distance for hydrogen facing the surface. The OH--surface interaction is confirmed by the electron density difference plot where we observe a slight charge gain between the hydrogens facing the surface and the surface (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}e). However, the large charge accumulation (depletion) between the OH termination and the Ag~8~ cluster (Zn surface atoms) further supports that the polar group is the main interaction center. We calculated the Bader charge of the Zn atom interacting with the propanol OH group and noted that the positive charge increases slightly from +1.1 to +1.2 e^--^ after adsorption.

Acetone also adsorbs molecularly with a binding energy of −0.88 eV and prefers to interact with the doped ZnO(0001) surface through the carbonyl oxygen atom. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}d shows the interaction between the acetone/oxygen and two Ag atoms adsorbed on the surface at 2.529 Å. Concerning the intramolecular bonds, the C=O distance increases by 0.020 Å, suggesting a weakening due to the interaction with the surface. The other internal distances are barely affected by the surface as we only observe a small contraction of 0.01 Å of both C--C bonds. The electron density difference shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}e confirms the interaction between the acetone oxygen and the silver atoms as both depletion and gain occur between them. However, this is a charge rearrangement rather than a transfer as the Bader charge of the silver atoms involved in the interaction is unchanged after the molecule adsorption. Thus, the energetic, structural, and electronic analyses confirm that the acetone--surface interaction is weaker than the propanol--surface interaction.

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}d shows that both methane and hydrogen prefer to adsorb away from the cluster, interacting weakly with the surface as the calculated binding energies are −0.29 and −0.11 eV, respectively. The distance analysis also confirms the weak adsorption: CH~4~ is positioned at 2.904 Å from the surface while H~2~ is 3.123 Å above the surface. Those distances are larger than the ones found for acetone and propanol. Additionally, the molecular internal distances are not affected by the adsorption, showing that the molecule--surface interaction is not strong enough. The electron density difference shows that only a polarization of the molecule orbitals takes place (see [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}e). The Bader charge analysis also proves that CH~4~ and H~2~ are physisorbed on the surface as all atomic charges remain unchanged after the adsorption. Our computational results suggest that the interaction is stronger for molecules containing oxygen atoms, which can coordinate the surface Zn or cluster Ag atoms.

4. Conclusions {#sec4}
==============

In summary, we developed a novel strategy to modulate the density of Ag nanoparticles uniformly on nonplanar ZnO:Ag columnar films by a one-step sputtering method followed by thermal annealing at 350 °C. By elucidating the concerning mechanisms, we demonstrated the synergistic role of doping and surface functionalization using Ag nanoparticles in enhancing the gas sensing response and selectivity of semiconducting oxides, namely, ZnO, toward specific volatile organic compounds. These results are important for the use of new hybrid sensing nanomaterials, which enable simpler differentiation between various VOCs. The latter can serve as biomarkers for diseases at early stages since VOCs detected in exhaled breath at the ppb level are related to several diseases.

The gas sensing properties of such hybrid materials showed that the Ag-functionalized ZnO:Ag samples offer significantly improved VOC sensing properties in an operating temperature range of 150--200 °C. The Ag-doped and Ag NP-functionalized ZnO:Ag columnar films were successfully synthesized as a single crystalline columnar matrix via a cost-effective SCS method, which allows for deposition on almost any material. The computational simulations showed that a few Ag atoms disaggregate from the cluster, which prefers to sit far away from the dopant. The gas sensing properties toward ethanol, acetone, *n*-butanol, 2-propanol, and methanol vapors improved after doping the ZnO columnar films with Ag. Further enhancement of the sensing properties of the Ag-doped ZnO columnar films toward VOC vapors by surface functionalization with Ag NPs of diameters between 6 and 12 nm was obtained experimentally, which is in agreement with the computational simulations. The synergistic effect of the Ag dopant atoms and Ag clusters on the ZnO columnar films is found to be highly beneficial for the response toward the detection of VOC gases. Experimental and theoretical evidence confirmed the importance of both approaches, doping and surface functionalization at the same time, for advancing the nanotechnology and nanoscience of new functional materials. Our work shows that highly selective and sensitive sensors used to distinguish specific VOC molecules are essential not only for air quality monitoring and various industrial applications but also for a simple manner to detect biomarkers for early stage diseases.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.9b07275](http://pubs.acs.org/doi/abs/10.1021/acsami.9b07275).SEM image of ZnO:Ag and Ag/ZnO:Ag columnar films at different magnifications; column size histogram of ZnO:Ag columnar films with different contents of Ag; Raman mapping for the *E*~2~(high) band (integrated between 420 and 450 cm^--1^) of the ZnO:Ag columnar films and the deconvolution of the 300--460 cm^--1^ region using a Gaussian fit; XPS plot of the Ag 3d lines of ZnO:Ag with increased (10-fold) Ag doping concentration; dynamic response to 100 ppm of VOC vapors for ZnO:Ag and Ag/ZnO:Ag at different operating temperatures; response and recovery times as a function of temperature for ZnO:Ag and Ag/ZnO:Ag; electronic density of states (DOS) of the pristine and Ag-doped ZnO(0001) surfaces and atomic projected DOS of the pristine and Ag-doped ZnO(0001) surfaces ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b07275/suppl_file/am9b07275_si_001.pdf))
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O.L., V.P., and A.V. synthesized the Ag-functionalized ZnO:Ag material. O.L. developed synthesis from chemical solution procedure SCS for ZnO. O.L., V.P., A.V., M.-I.T., and M.H. adapted the technological approach for material synthesis and integration/fabrication of the sensors. A.V. and F.F. developed Ag functionalization procedure and setup and realized all experiments and XPS analysis. P.V. and O.L. carried out the measurement of sensing properties of sensors based on such structures and analyzed data. T.D. and L.K. studied TEM. V.P., O.L., M.H., R.A., and M.-I.T. analyzed the results, including Raman data and revised draft. N.H.d.L., D.S.-C., and A.C.-E. realized the computational part. A.V., P.V., A.C.-E., D.S.-C., R.A, and O.L. drafted the article. O.L., F.F., N.H.d.L., L.K., and R.A. conceived and designed the study and approved the final version of the manuscript to be published. All authors reviewed the manuscript.
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